Abstract. By radiating the power in the direction of choice, electronicallyswitched directional (ESD) antennas can reduce network contention and avoid packet loss. There exists some ESD antennas for wireless sensor networks, but so far researchers have mainly evaluated their directionality. There are no studies regarding the link dynamics of ESD antennas, in particular not for indoor deployments and other scenarios where nodes are not necessarily in line of sight. Our long-term experiments confirm that previous findings that have demonstrated the dependence of angleof-arrival on channel frequency also hold for directional transmissions with ESD antennas. This is important for the design of protocols for wireless sensor networks with ESD antennas: the best antenna direction, i.e., the direction that leads to the highest packet reception rate and signal strength at the receiver, is not stable but varies over time and with the selected IEEE 802.15.4 channel. As this requires protocols to incorporate some form of adaptation, we present an intentionally simple and yet efficient mechanism for selecting the best antenna direction at run-time with an energy overhead below 2% compared to standard omni-directional transmissions.
Introduction
For many wireless sensor network (WSN) applications, reliability and energyefficiency are among the most critical issues. Electronically-switched directional (ESD) antennas are able to steer the radiated power in specific directions that can be selected via software. By concentrating the radiated power in one direction, ESD antennas enable lower contention and extended range without additional energy consumption. Lower contention avoids packet loss and hence reduces the need for retransmissions, which saves energy. While currently ESD antennas are not frequently used in WSNs, we have demonstrated their potential by showing that only slight modifications to Contiki Collect [1] , a traditional CTP-like convergecast protocol, make it efficient for ESD antennas and lead to higher packet yield at lower duty cycle [2] .
Recently, researchers have designed several ESD and other types of directional antennas for WSNs [3] [4] [5] [6] . Most measurements with these antennas, however, have only assessed the directionality of the antenna, showing that the received signal strength of nodes that are in the direction in which the antenna radiates its maximum power is indeed higher than that of nodes at other locations. These measurements have been short-lived and were mostly conducted outdoors in open space where the receiving nodes have been placed in line of sight (LOS) of the transmitter. While these measurements fulfil the purpose of demonstrating the main property of ESD antennas, i.e., directionality, they provide little insight on the link dynamics.
The goal of our study is to gain a more thorough understanding of the dynamics of link quality that is needed when developing protocols for networks with ESD antennas. In the absence of studies like the one we present in this paper, researchers made implicit assumptions about the stability of links [7, 8] . Our results show that, for example, many of the existing mechanisms to select the preferred antenna configuration need to be complemented with mechanisms that continuously evaluate if the current selection of active antenna directions is still the preferred configuration, or if adaption is needed.
In this paper, we therefore conduct long-term indoor experiments with Spida, an ESD antenna designed specifically for WSNs [5] . Via a simple software API, the Spida antenna can be configured to steer the radiated power in six different directions, in addition to the possibility of performing traditional omnidirectional transmissions. Our experiments also include nodes that are not in LOS of the transmitter.
Our experimental results show that in particular in non-LOS conditions, the best antenna direction, i.e., the direction that leads to the highest packet reception rate and signal strength at the receiver, is not necessarily related to the physical position of the receiver with respect to the transmitter. It rather depends on multi-path effects. Furthermore, the best antenna direction is not stable but varies over time which requires protocols to adapt. Since multi-path induced fading varies with frequency, the antenna direction that performs best on one channel does not necessarily perform well on another channel. These results confirm that previous findings that have shown that channel frequency and changes in the environment that happen over time have an affect on the best reception angle [9] also hold for directional transmissions with ESD antennas.
Based on these results, we find that protocols for networking with ESD antennas need to adapt to the varying environmental conditions. We show that the received signal strength (RSSI ) is a very good indicator for the success of future transmissions when using a certain antenna direction to transmit to a neighbouring node. Based on this insight, we present a simple and energyefficient mechanism to identify the best antenna direction. Its overhead is below 2% compared to a standard omni-directional transmission with a common WSN MAC layer. We achieve this performance using a train of consecutive packets quickly transmitted within the same radio activation. This mechanism can serve as a building block for adaptive protocols for WSNs with ESD antennas. [m] SPIDA Omni-directional PRR>10% Directional PRR>10%
(b) Spida: area where the packet reception rate is larger than 10% [2] Fig. 1: Spida prototype and area of directional main lobe.
Our main contributions are the following:
-We study the long-term behaviour of ESD antennas in indoor and non-LOS situations showing that the best antenna direction may change over time and that the best direction is not necessarily the same for all 802.15.4 channels as previous results suggest [9] . These results imply that protocols for networking with ESD antennas need to adapt. -We demonstrate that an intentionally simple and efficient mechanism that selects the best antenna direction based on the RSSI of one packet for each antenna direction is sufficient to choose the best antenna direction with high probability.
Our findings provide valuable input for designers of protocols for sensor networks with ESD antennas. The paper proceeds as follows. In the next section we present the Spida antenna. Section 3 discusses our methodology and experimental setup. The following sections discuss spatial, temporal and inter-channel variations. In Section 7 we present a mechanism to find the best performing antenna direction at run-time. Before concluding, we discuss related work in Section 8.
Antenna Prototype
We use a switched parasitic element antenna [10] called Spida, designed by Nilsson at SICS specifically for WSNs [5] . The antenna operates in the 2.4 GHz ISM band, matching the most common WSN radio technology. In our prototype, we integrate Spida with a standard TMote Sky node [11] . To be compliant with the requirements of WSNs, Spida has a small form factor, comparable in size to the sensor node itself, as Figure 1(a) shows.
Spida has one central active element surrounded by six "parasitic" elements. The central element is a traditional omni-directional antenna, implemented as a quarter-wavelength whip antenna. The parasitic elements can be switched between ground and isolation: when grounded, they work as reflectors of radiated power; when isolated, they operate as directors of radiated power. The parasitic elements are individually controllable, yielding six possible "switches" to control the shape and direction of the antenna main lobe. They may also be all isolated: in this case, Spida behaves as an omni-directional antenna, which simplifies broadcasting and neighbour discovery.
The antenna gain is designed to smoothly vary as an offset circle from approximately 7 dB to −4 dB in the horizontal plane, with the highest gain in the direction of the isolated element(s). Particularly, when the n th parasitic element is isolated and all other are grounded, Spida operates in the most directional manner, and we say that Spida has direction n. Figure 1(b) exemplifies the performance in packet reception rate (PRR) with this specific configuration, based on an empirical model we derived earlier [12] . In the picture, the isolated parasitic element is directed upwards. Compared to the omni-directional Spida configuration, the area where at least 10% of the packets are received moves upwards and becomes slightly narrower in the orthogonal direction.
The antenna is also straightforward to manufacture, and its most expensive part is the SMA connector (about $6 in single quantities). The cost, size, and radiation characteristics of Spida are therefore comparable with the state of the art in directional antennas for low-power wireless [3, 13, 14] rendering our results of general applicability.
Experimental Setup and Methodology
To provide protocol designers with indications on the temporal behaviour of directional antennas across different channels, we need to create challenging conditions for our experiments. To this end, we deploy a small sensor network in an office environment, as depicted in Figure 2 . Compared to outdoor scenarios, our setup includes both fixed (walls) and moving (people) obstacles. Moreover, several co-existing 802.11 and 802.15.4 networks operate in the same area which creates realistic conditions of interference. The nodes are also placed to create both line of sight (LOS) and non-LOS conditions across different devices and points in time.
We deploy a node equipped with the Spida antenna in an office of roughly 2 m by 4 m. All other nodes in our setup are equipped with the standard TMote Sky microstrip inverted-F antenna, and passively act as probes to monitor the transmissions from the Spida node. Direction 1 of the Spida antenna points straight to node 4. The two nodes are thus always in LOS conditions. Node 4 is the only node in our setup that enjoys such conditions throughout all experiments. Node 3 and node 5 on the other hand, may be in LOS conditions depending on the presence of people in the office, who may interrupt the line of sight. This is in particular true for node 3 where the LOS is interrupted when a person sits at the desk, whereas for node 5 there is rarely a person blocking LOS. Node 2 does not enjoy LOS as there are fixed obstacles that block LOS almost completely. Node 6 and 7 are in different offices than the Spida node.
People sitting in these offices may further create obstacles for transmissions in addition to the walls. To carry out the experiments, we implement small Contiki programs for both the Spida node and the probes. The former controls the execution of the experiments and collects the data to compute statistics. We use the IEEE 802.15.4 channel 15 as control channel, as we expected it to be the least interfered one in our setting, based on previous experiments. The processing starts by broadcasting a START message that informs the probe nodes about the beginning of an experiment. This message is not accounted for in the statistics. Next, the Spida node starts broadcasting dummy packets with different transmission power on channels 11, 15, 19 and 23. We chose these channels since we expect 11 and 15 to have low interference, channel 19 to have moderate interference, and channel 23 to be significantly interfered. The packets are sent with an inter packet transmission time of 1/8 seconds. Each train of dummy packets consists of 10 packets. We did not opt for lower inter packet transmission times to avoid successive packet loss due to link burstiness [15] .
After receiving the 10th packet or when a timeout expires, the probes send back data on the received signal strength (RSSI ), the link quality indicator (LQI ), the noise floor and the signal to noise ratio (SNR) for each received packet to the Spida node that stores the data in a log file for further processing. The Spida node also estimates the external interference on each of the channels we use by measuring a simplified form of the channel quality (CQ) metric [16] . The CQ value is computed as the fraction of RSSI samples that are above a certain threshold. For our measurements, we have set the threshold to -77 dBm, the CC2420's default CCA threshold. The CQ value is 1 in the absence of interference. The CQ measurements confirmed our expectations on the channel quality except that it turned out that channel 15 was slightly more interfered than channel 11.
To provide a quantitative measure of the performance variations across different antenna directions, we use the statistical entropy [17] as metric. The entropy of a given random variable R is defined as:
Therefore, the entropy is 0 whenever a random variable always takes the same value. In our case, this means that when one direction is always performing best, the entropy is 0. The maximum entropy, i.e., the highest degree of uncertainty on the outcome of a random variable, exists when the probability of the variable taking any value in its domain is equal.
We run experiments from early July until the middle of August. From mid July until the beginning of August, most of the offices are empty due to vacations, including those where we do not deploy nodes. Starting July 13, we also broadcast dummy packets in omni-directional mode, to obtain a baseline. Unfortunately, node 4 stopped working during the night of August 3rd, so results for it are available only partially.
Spatial Variations
The ability to dynamically steer the radiated power in given directions brings an additional degree of freedom to the network configuration. Protocols need to handle the possible settings depending on performance requirements. A key aspect in this regard is to understand the variability of the link performance across different antenna directions depending on the receiver's position. Figure 3 exemplifies the RSSI link performance along different antenna directions, compared to the omni-directional configuration. We discuss two sample cases for LOS and non-LOS configurations and different TX power settings, although we obtained similar results in different scenarios as well.
Figure 3(a) shows the RSSI at node 4 when the Spida node is transmitting on channel 11 at TX output power 5 (around -20 dBm). The Spida antenna is in LOS with node 4 and the parasitic element corresponding to direction 1 points directly towards it. As expected, direction 1 indeed provides the highest RSSI reading at node 4 throughout the trace. The gap from the omni-directional configuration is around 10 dBm, which is significant.
Moreover, the adjacent directions 6 and 2 also yield RSSI values higher than the omni-directional configuration. This is a result of the Spida design, whose main lobe in the direction of maximum gain is shaped as an offset circle, as shown in Figure 1(b) . Accordingly, the remaining Spida directions result in average RSSI values at node 4 lower than the omni-directional configuration.
As for PRR, with TX power 5, node 4 receives all packets sent by the Spida node. Using TX power 2 (smaller than -25 dBm), node 4 receives only packets that Spida transmits in directions 1, 2 and 6. For direction 1, the PRR is almost 99% while it is 80.8% and 62.7% for directions 6 and 2, respectively. When Spida transmits in omnidirectional mode at TX power 2, node 4 does not receive any packets. This confirms the trends shown in Figure 3(a) , but at lower TX power all Spida configurations but directions 1, 6, and 2, fall below the radio sensitivity. Figure 3 (b) depicts the RSSI performance for node 7, which is in non-LOS conditions unlike node 4. Particularly, packets transmitted to node 7 need to pass through at least two walls. The picture shows the RSSI readings at this node when Spida is transmitting on channel 19 at TX output power 21 (around -4 dBm). Over the whole trace, packets that Spida transmits in direction 5 are received with the highest RSSI : around 4 to 6 dBm higher than the omnidirectional configuration. The directions 2, 3 and 4 yield a performance similar to omnidirectional. On the other hand, directions 1 and 6 shows very poor performance even though direction 6 is adjacent to the best direction 5. Most likely, multi-path effects due to non-LOS conditions make it perform worse than its counterpart direction 4 that is also adjacent to direction 5.
In terms of PRR, node 7 receives almost all packets when Spida transmits in direction 5. Also, directions 2, 3 and 4 have a high PRR of around 97.5%, while the directions with the lowest RSSI , direction 1 and direction 6, also have a low PRR of 75.3% and 51.1%. Based on the discussion above, we state the following: Observation 1. Using a dynamically steerable directional antenna, the best performing antenna direction is most likely related to the receiver's physical position when nodes are in LOS conditions. In LOS, side lobes also perform well. In non-LOS conditions the best direction is not necessarily related to the physical position with respect to the sender but depends on multi-path effects.
Most protocols are unaware of this behavior, and therefore do not take advantage of it. Note that it is possible to estimate if nodes are in LOS conditions at run-time. For example, in order to estimate the distance between two sensor nodes, Pettinato et al. measure the round-trip times of ranging packets over all channels [18] . When the variance of the round-trip times across all channels is small, this is an indication that the impact of multi-path effects is low which suggests that nodes are in LOS.
Temporal Variations
As much as the link performance across different antenna directions shown in Figure 3 remains reasonably stable, moving obstacles and changing environmental conditions may make it vary over time. In this sense, the use of dynamically steerable directional antennas is not different from omni-directional ones, as we discuss in the following. Figure 4 shows two example traces of RSSI readings where different antenna directions provide significantly different performance over time. We observe similar trends in different configurations as well. Figure 4(a) shows the RSSI at node 6 that is in non-LOS of the Spida, using TX power 17 on channel 19. For example, direction 4 is the best performing direction (in terms of RSSI ) between July 20th and August 6th, but yields the worst performance in the beginning of July and some days around August 12. Direction 5 is the best direction for two smaller periods of time (July 14 to July 18 and August 11 to August 14). Moreover, direction 2 sometimes provides good performance, whereas it also results around 8 dBm worse than direction 4 for non-negligible periods of time. Direction 5 (96.7%) and direction 4 (94.1%) provide the best PRR over the duration of the experiment while the PRR of direction 2 suffers from the period of bad performance and has the lowest average PRR of all directions, slightly below 85%.
The figure also demonstrates periods where the performance of given antenna directions is fairly stable and other periods where there are significant instabilities, with the best antenna configuration varying distinctly over time. The times when links are unstable correspond to the when there are persons in the offices, particularly in the one where we deploy node 6.
These observations generally apply to non-LOS nodes independently of their distance from the Spida node. For example, Figure 4(b) shows the RSSI performance at node 2, using channel 15 and TX power 5 (around -20 dBm). Although the variation in the plot is not as significant as in Figure 4 (a), the performance is not at all stable, especially in the early parts of the trace. Probably, the person assigned to the office where we deploy node 2 was less in his office during the duration of the experiments. While with TX power 5, the RSSI for most directions is not close to the sensitivity threshold at the receiver, direction 6 and direction 2 lose more than 20% resp. 10% of their packets.
Based on the percentage of time a given antenna direction provides the best link performance in our experiments, we can use the entropy to cater for an aggregate indication of the temporal variations of the link performance. In our case, the maximum value of entropy would be H = log(6) = 1.7918. Both traces in Figure 4 thus correspond to significantly high levels of uncertainty, holding H = 1.287 for node 6 in Figure 4 (a) and H = 1.208 for node 2 in Figure 4 (b). Figure 5 reports the average, maximum, and minimum entropy for all traces we collect, against the receiver node and TX power. The plot demonstrates that, depending on the receiver's position, the uncertainty in establishing the best performing antenna configuration may be significant. On the other hand, the LOS conditions again play a role: node 4 is among the ones with lowest entropy in the chart.
According to the findings hitherto discussed, we can claim:
Observation 2. The link performance of ESD antennas is time-varying. In particular, the best antenna direction may change over time.
This issue is, unfortunately, largely overlooked in the state of the art. Several existing protocols, for example, include a distinct discovery phase [8] . Our results demonstrate that after the initial discovery phase continuous monitoring and adaptation is necessary as the initial configuration may turn out to perform poorly in the long term. 
Inter-channel Variations
Based on the results discussed in the previous two sections, we argue that multipath effects play a key role also depending on the specific antenna configuration. Since different IEEE 802.15.4 channels typically imply different multi-path effects, here we study the relation between this setting in 802.15.4 networks and the link performance depending on the antenna direction. We consider as example the link performance at node 6 using different channels and TX power 17, shown in Figure 6 . Using channel 11, the best performing antenna direction is 2, as Figure 6 (a) demonstrates. Direction 2 has also the highest PRR with 94.8% packets received, and remains the best antenna configuration most of the time. On channel 19, the situation is different: the best performing antenna directions are 4 and 5. Direction 5 also corresponds to the best PRR overall (96.7%), followed by direction 4 with a PRR of 93.4%. Using channel 19, direction 2 performs quite poorly and, in contrast to channel 11 where it performs best, never constitutes the best antenna configuration. The PRR using this direction is also the lowest PRR of all possible antenna directions (85.1%). On the contrary, using channel 11, direction 4 performs badly and achieves a PRR of only 75%: much lower than 93.4% on channel 19. As mentioned in Section 3, node 6 is not in the same office as the Spida node and hence multi-path induced fading may be severe and different for different channels.
The same discussion as above applies to other nodes. For example, at node 2, when Spida is configured with TX power 4, direction 5 yields a PRR of 99% on channel 11 while the same direction on channel 19 is the worst configuration with a PRR of only 73.3%. For node 7, when Spida's TX power is 17, direction 1 and direction 5 are the best performing directions on channel 23, both with a PRR of about 78%, whereas on channel 11 the PRR for direction 1 is only 19%.
In Figure 7 we show the average, maximum, and minimum entropy of the best performing antenna direction against receiver node and radio channel. In this case, the maximum entropy would be again H = log(6) = 1.7918 out of Fig. 7 : Average, maximum, and minimum entropy of best performing antenna direction depending on receiver node and radio channel.
the six possible antenna directions. Two considerations emerge: i) varying the channel, the best performing antenna direction exhibits about the same degree of significant uncertainty as when varying the TX power; and ii) at some nodes, e.g., node 6 and node 7, the degree of uncertainty appears to be remarkably consistent across different traces, which suggests that the phenomena may be independent of the specific environmental conditions during an experiment. The discussion above leads us to the following: Observation 3. Due to multi-path effects that behave differently on different channels, the best performing antenna configuration on a channel does not necessarily keep the same performance on a different channel.
This observation has implications for protocols using multiple channels. The main motivations for using multiple channels is to avoid external interference [19, 20] . Our results, however, imply that when switching channels, protocols cannot retain the same antenna configuration, at least when nodes are not in LOS.
Taming the Added Complexity
Notwithstanding the potential advantages of using dynamically steerable directional antennas in WSNs, the previous sections demonstrate that the use of this antenna technology may add to the complexity of current protocol designs. Indeed, the antenna's ability to steer the radiated power in given directions at run-time increases the degrees of freedom in configuring the network stack, as the specific antenna configuration plays a key role in determining the performance. Finding an efficient antenna configuration, on the other hand, requires adaptive mechanisms, as the best performing configurations are time varying and channel dependent.
In order to capture the characteristics of low power links, sensor network protocols use link quality estimators (LQE) [21] . The goal of such an estimator is to quickly with as little energy overhead as possible predict the probability of success of future packet transmissions. While hardware-based estimators such as the RSSI , LQI and SNR read values directly from the radio chip, softwarebased LQEs compute statistics over a number of transmissions [21] . For our purpose of differentiating between different directions, it would be ideal to use a hardware-based LQE that could identify the best direction with one packet only. In order to evaluate whether this is feasible we set up another experiment using the same nodes and positions described in Section 3. We run the experiment for a whole week from August 27 to September 3. As the experiment is conducted after the vacation period, there is in general more interference than during the experiments in the previous sections as confirmed by the lower CQ values on all channels. A higher degree of external interference makes link estimation more difficult.
In this experiment, the Spida node (after the START message) sends 101 packets in a round-robin fashion on each antenna direction, again with an inter packet transmission time of 1/8 seconds. After the reception of the last packet or a timeout in case the last packet is lost, the probes return the RSSI and LQI of the first packet, as well as the number of packets received out of the probe messages number 2 to 11, 2 to 51 and 2 to 101. We do this over the same four channels (11, 15, 19 and 23) with selected TX output powers. The TX output powers are selected so that all nodes have some packet loss at some TX output power. We select TX output power 2, where node 4 does not receive all packets, TX output power 3, where nodes 2, 3 and 5 lose some packets and TX output power 21 where node 6 and node 7 do not receive all packets. Based on the RSSI or LQI of the first packet, we select one direction, the one with the highest RSSI resp. LQI , as the estimated best direction. Since we have the packet receptions of all directions, we can then check whether this selected direction is indeed the best one. We also check if the selected direction is among the three best directions in order to see if we have been successful in avoiding bad antenna directions.
Our results are depicted in Figure 8 . The graph shows that the RSSI generally performs better than the LQI for finding the best direction. Based on the RSSI of only one packet in each direction, the best direction is picked between around 85% of the time for the nodes in the same office (node 2 to node 5) for the next 10 packets. For the next 50 packets, this number decreases to around 65 to 75% for these nodes and is roughly the same for the next 100 packets which indicates the stability of links. For node 6 and node 7, the results are little worse but still acceptable. Remarkable, however, is that our approach avoids picking bad directions. Figure 8(a) shows that one of the best three directions is picked with a probability of more than 90% even for the nodes in the other offices (node 6 and node 7).
We can leverage the results above to build a simple mechanism to find the best performing antenna direction at run-time, as well as to adapt to the changes in link quality that will inevitably occur. To do so, we modify the Smart strategy we proposed earlier [2] .
Using Smart, every packet is quickly transmitted over all possible antenna directions, in sequence. To specify what direction is used, the transmitter appends the identifier of the active direction to the packet, encoded with a corresponding number of padding bytes. Packets can therefore be transmitted very fast, as there is no need to re-load the radio buffer: only the total packet size is changed, not the content.
At the receiver side, we measure the RSSI for each received packet. Once the transmitter sweeps all directions, or upon expiration of a timeout corresponding to the maximum time required to do so, the receiver transmits back an acknowledgement carrying the identifier of the antenna direction that yields the maximum RSSI value at the receiver.
The resulting schema is very cheap in terms of energy consumption. Compared to the average energy cost for transmitting one packet using ContikiMAC in the traditional way, our schema imposes only a 1.98% overhead [2] . Indeed, the bulk of the energy cost using state-of-the-art MAC protocols is elsewhere, e.g., in the strobing phase for ContikiMAC. Because of this, our schema can be used frequently, allowing protocols to keep track of the dynamics of directional links and to execute dedicated adaptation mechanisms.
Related Work
In contrast to other works that investigate link layer issues for sensor networking with directional antennas, we perform long-term indoor experiments in which we study multiple channels and also include nodes that are not placed in line of sight.
We have earlier compared the performance of the Spida antenna against omni-directional antennas demonstrating both that Spida radiates the power mostly in the chosen directions and that the link quality is more stable [22] . We then developed a link-layer model based on empirical measurements [12] . Also Giorgetti et al. assess the improvements in link performance but with a different prototype antenna that is designed by combining four patch antennas [13] . While this study confirms our previous results none of the studies above has looked at multiple channels, temporal variations, or non LOS placement of sensor nodes.
We investigate the long term link behaviour of non-standard antennas. Others have investigated the characteristics of low power wireless links in special environments. Ceriotti et al. have studied wireless links in a jungle [23] , although mostly with short-term experiments. Long-term studies of the behaviour of lowpower wireless links are instead found in the literature for peculiar settings such as road tunnels [24] , along with a comparison against more traditional settings.
Sensor and ad-hoc networking with directed antennas opens a lot of challenging research questions including neighbour discovery, medium access control, and routing [25] . For example, Felemban et al. present a TDMA-based MAC layer for sectored antennas that bootstraps with a very energy-consuming procedure for matching senders' and receivers' sectors [8] . Their approach has inspired us to investigate whether such a one-shot approach delivers the optimal configuration also over a longer time or whether the best configuration varies over time.
Our approach to dynamically select the best direction uses Smart that we have developed in the context of efficient data collection with directional antennas [2] . Incorporating the RSSI into our approach is motivated by Zuniga et al.'s study, which aims at identifying the best of a set of unreliable links [26] . They show that RSSI and LQI are better estimators than PRR when only a small number of packets are used for link ranking.
As noted above also ad-hoc networking researchers have used directional antennas [25] . For example, Ramanathan et al. present a fully working system [27] . Their antennas are, however, much larger and the authors do not discuss link quality issues. Navda et al. study the performance improvements possible with directional antennas for vehicular networks access [28] . They demonstrate improved throughput and longer connectivity duration compared to omnidirectional antennas.
Conclusions
This paper has investigated the link dynamics in sensor networks with ESD antennas. We have shown that the best antenna direction, i.e., the direction that leads to the highest packet reception rate and signal strength at the receiver, is not stable but varies both over time and with the selected IEEE 802.15.4 channel. Our results confirm that previous findings that have demonstrated the dependence of angle-of-arrival on channel frequency [9] also hold for directional transmissions with ESD antennas. Therefore, protocols for such networks need to be adaptive and have to be able to select the best antenna direction at run-time. Towards this end, we have presented a mechanism that performs this selection with very low overhead.
